Evidence suggests that obesity is strongly associated with low physical activity (PA). Overcoming the obesity problem requires that individuals adhere to prescribed PA programs. Therefore, in this paper we review the factors affecting adherence. On the basis of the review we recommend a strategy for developing movement competence and enjoyment of PA to improve adherence and long term participation in PA. The relationships among childhood obesity, level of PA, and movement competence indicated by motor coordination (MC) and development of fundamental movement skills (FMS) were reviewed, followed by an assessment of current pedagogical and psychological principles leading to the proposal of a strategic approach to improve long term PA adherence. Many children are affected by a "vicious cycle of obesity", low PA, and low levels of movement competence perpetuating avoidance of PA. Intervention programmes to break the vicious cycle should be based on skill development needs of individuals. The program should be designed and delivered in a manner that fosters a task-based psycho-social climate based on self-determination and achievement goal theories. MC training reinforced by a favourable psycho-social climate can be effective in breaking a "vicious cycle of obesity" and increasing PA adherence.
Introduction
Obesity is defined as abnormal or excessive fat accumulation that may impair health [1] . It is regarded as a worldwide epidemic and a global public health burden [2] . Based on current trends, the number of overweight and obese individuals in the world has been projected to reach 3.38 billion by 2030 [3] , and so both direct and indirect health care costs (e.g. loss of productivity and health morbidities) are expected to rise considerably [4] [5] . Childhood obesity has long-term adverse consequences. For instance, overweight and obese children are six times more likely to be obese in adulthood relative to their normal weight peers [6] , are at heightened risk of type-2 diabetes, hypertension, chronic heart disease [7] [8] [9] , and are more strongly associated with physical morbidity [8] [10] [11] , premature mortality [8] , and psycho-social co-morbidity [10] . If the obesity problem can be alleviated, long term quality of life will be improved [12] , but also the long-term medical costs [12] and social burden [3] [4] [5] can be reduced. Raising PA levels has been identified, promoted, and examined as one main strategy to control and reduce obesity [13] . However, current PA intervention strategies are not effective in increasing and sustaining PA participation at levels sufficient to achieve health benefits [14] . Thus, whilst considering the reasons for compromised PA adherence, a new strategy for effective PA intervention is urged [15] .
While the link between PA and obesity is well established, we propose that movement competency is a third component of a "vicious cycle of obesity". In this paper, the relationships among childhood obesity, level of PA and movement competency indicated by motor coordination (MC) and development of fundamental movement skills (FMS) are reviewed, followed by an assessment of current pedagogical and psychological principles leading to the proposal of a new strategic approach to break that cycle to encourage long term PA adherence.
The Vicious Cycle of Obesity
The vicious cycle of obesity concept (Figure 1 ) is based on evidence from a number of systematic reviews and meta-analyses [16] - [21] , longitudinal studies [22] [23] [24] [25] and large scale cross-sectional studies [26] [27] [28] . Here PA encapsulates all types of Figure 1 . Diagrammatic representation of the vicious cycle of obesity. A "vicious cycle of obesity" is comprised of obesity, low levels of physical activity participation, and poor levels of motor coordination and fundamental movement skills. The positive and negative associations between these factors are illustrated by solid and dashed arrows respectively. body movements produced by skeletal muscles that require energy expenditure, including exercise, fitness training, sports, active play, games, physical education and routine activities accumulated during daily living, regardless of the settings, purposes and intensity of activities [29] [30] . MC is traditionally defined as the ability to control the degrees of freedom (DOF) to achieve a goal-oriented movement as described by Bernstein [31] and is further elaborated as a proper relation of head, body and limb movements relative to environmental objects and events by Turvey [32] . Thus, we define MC as the ability to control the wide range of DOFs and maintain functional temporal and spatial relations among body segments, environmental objects and events to achieve goal-oriented movements. FMS refer to an organized series of observable basic movements [33] and are categorised functionally into locomotion (e.g. running and hopping) and object control (e.g., throwing, kicking, and striking) [19] Obesity in children and adolescents is consistently and negatively correlated with PA, as demonstrated in a number of systematic reviews [16] [17] [18] . For instance, based on a review of longitudinal and cross-sectional studies, Jiménez-Pavón, et al. [16] identified negative correlations in 38 out of 48 (79%) studies. This was irrespective of age range, sample size, and method of estimating body composition [i.e. absolute body mass index (BMI) or BMI z-score] and PA measurements (i.e. accelerometer, pedometer and heart rate measurement). Similarly, Prentice-Dunn and Prentice-Dunn [17] found that PA was negatively associated with child BMI status in 11 of 16 (69%) cross-sectional studies. By contrast, Vasconcellos, et al. [18] identified that PA was positively associated with physical fitness in the majority of high quality studies, and that PA brought about significant beneficial changes in fat percentage and waist circumference as well as reducing risk of cardiovascular disease in obese adolescents. To supplement, a prospective longitudinal study showed that moderate-to-vigorous-levels of PA were negatively associated with fat mass for children aged 12 years two years later, with around 10% lower levels of fat mass [23] .
Obesity is also negatively associated with the level of MC and performance of FMS [21] [24] [25] [26] [27] . Based on a recent systematic review including both cross-sectional and longitudinal studies, Liang, et al. [21] emphasized that the level of MC in the performance of object control skills, locomotion skills, and other motor abilities (e.g., balance) had strong negative associations with obesity in children and adolescents (aged ≤18). To explore the association between MC and BMI, Lopes and colleagues conducted two large scale cross-sectional studies analysing over 7000 children aged 6 -11 [26] and 6 -14 [27] . Children with better MC had significantly lower levels of BMI regardless of sex [26] [27] . Similarly, two longitudinal studies by D'Hondt and colleagues [24] [25] demonstrated that the significant reciprocal relationship between MC and BMI for children aged 6 -10 [25] and 7 -13 [24] continued at two years follow-up, and obese and overweight children had larger MC deficit than normal weight children across their developmental timeline [25] . Considered together, these studies provided evidence to suggest that MC does not necessarily develop or improve unless there is specific targeted exposure or intervention, and the accumulation of body mass over time in childhood and adolescence constrain further MC development and further engrain the vicious cycle.
However, PA is positively associated with MC and FMS levels. Two systematic reviews [19] [20] have identified that higher PA participation was associated with higher FMS competency in children aged 3 -18. Similarly, a recent large scale cross-sectional study of around 7000 children aged 7 -14 [28] demonstrated that low PA levels were strongly correlated with poor performance of FMS. Further, in a longitudinal study, Lopes, et al. [22] found that children at the highest tertiles of MC maintained their PA levels over a three-year period, while those at both middle and lower MC tertiles decreased PA over the same period. These findings provide evidence to suggest that MC development influences PA participation.
To summarize, and as shown in, there is coherent and clear evidence that obesity is negatively associated with PA, MC and level of performance of FMS. A low PA level is also related to inferior MC when performing FMS, contributing to the vicious cycle of increasing obesity. Therefore, developing good MC in various FMS in childhood is very important to protect against being caught in the vicious cycle and to minimise exacerbation of vicious cycle effects.
How Can the Vicious Cycle Be Broken?
In view of the evidence [16] - [28] that many overweight and obese children and adolescents are caught in a vicious cycle of obesity characterised by, and driven by, low levels of movement competence and participation in PA, it is necessary to look closely at how the cycle can be broken. Increasing and engaging in PA is an obvious means of reducing obesity by increasing energy expenditure [13] [29] [36] , and is supported by the negative association between obesity and PA identified in the literature [16] [17] [18] [23]. However, a recent meta-analysis showed that the effectiveness of interventions designed to increase overall daily PA level (measured objectively instead of recall) for children (age ≤ 16) was small and the interventions had little effect on BMI or reduction of body fat [14] . Further, Skelton and Beech [37] reported in a recent review that the attrition rate of childhood weight management programmes can be up to 73%.
More importantly, PA and FMS interventions to date have been unable to reach and sustain the moderate to vigorous PA required to reduce obesity or overweight [14] [38] .
Therefore, an alternate strategy is to enhance both FMS proficiency and PA sustainability [38] , to determine the effective characteristics of interventions [34] and to promote regular PA of obese individuals [25] . Given that MC has a critical position in the vicious cycle, training MC must be prominent in the strategy to promote PA and maintain a healthy energy balance [27] . To optimise the effectiveness of MC training,
careful consideration must be accorded to the characteristics of MC programs and the pedagogical approach to ensure that "psycho-social conditions" are favourable and conducive to their long term success [39] .
Characteristics of an MC Training Program

Tailored Content According to MC Needs of Children
To determine individual or group needs and shape program content, the initial task prior to any training or intervention should be to assess the level, degree and range of present MC capabilities. Program inclusion and grouping based on MC assessments could help reduce the emphasis on current weight status, and similarly assist peer group interaction and social-cohesion and participation, as individuals will be at similar developmental stages.
Current MC assessments are typically achieved through validated field assessments (e.g. Körperkoordinationstestfür [25] [40] or FMS assessment checklists [41] ). However, the testing criteria are non-specific and results provide little information to assessors regarding the MC deficit to enable design of constructive interventions. We suggest using an evidence-based checklist which take objective and readily observed MC characteristics [42] into account that are known to be related to performance outcomes (e.g. speed, accuracy). Although based on scientific analysis, the list must be "practitioner friendly" with characteristics of appropriate movement patterns being observable and readily identifiable. Also teachers can be guided by general principles based on biomechanics analyses [43] [44] [45] , developmental sequences [33] and qualitative movement analyses [46] to maximise individual performance in specific activities. For example, if speed is the goal when projecting objects, such as in throwing, kicking, or striking skills, the teacher would encourage the gradual increase in the "degrees of freedom" [31] utilised, range of motion, and sequencing of body segment motions [47] .
Typical developmental patterns reflect that process [33] . For example, a novice throwing a ball is likely to start the throwing action with the body square to the intended direction of throw and would use the upper limbs as a single lever in a "push-like" action entirely in front of the body [48] . The movements of the limbs would tend to be simultaneous rather than sequenced. With practice, the joints would be "freed" and move through a larger range of linear and angular motion commencing with a step, trunk rotation counter to the eventual rotation, and a long backward reach. The movement then progresses in a "whip-like" proximal to distal sequence with rapid rotation of the lower and upper trunk, rotation of the upper arm about the shoulder, extension of the elbow and pronation and flexion of the wrist. It is a relatively simple task for a teacher or coach to identify the stage of learning in terms of the degrees of freedom used, the range of motion, and the sequencing. Then, training practices can be selected to continue the development of the skill.
Accuracy is often another goal of the movement and has implications for the movement pattern adopted. Staying with throwing as an example, the movement may be adapted to ensure accuracy by having a linear path of the hand in the approach to re-lease. The need for accuracy acts as a constraint that influences the movement pattern [49] . This is manifest in a baseball pitch in which the hand is moved in a vertical rather than horizontal plane.
Skilled performance requiring both speed and accuracy integrated with good sequencing and timing, for example, a golf swing or a tennis serve, would reflect both influences. Due to the accuracy constraint, use of a large number of joint degrees of freedom and large ranges of joint motions might only occur at the very high levels of performance. That is, only the highly skilled golf players can hit both long and straight.
The implications for teaching are that teachers need to create activities based on MC principles that develop appropriate movement patterns in a gradual fashion, recognising that increasing the use of the joint degrees of freedom, increasing ranges of joint motion, and developing good sequencing cannot be attained spontaneously. A graded process tailored to the individual's current ability and stage of learning is required.
Pedagogical Approach Using Psycho-Social Climate Support
As reported in a number of systematic reviews, school-based training is a good starting point for intervening as there is evidence that positive effects are associated with both PA [38] [50] and FMS interventions [38] [51] in this setting. However, many studies did not provide information relating to the rationale and desired characteristics of the pedagogical approach on which the intervention was based [51] .
Based on a review, Teixeira, et al. [39] highlighted that psycho-social climates promoting high autonomous activation, self-efficacy and self-regulation skills were the best predictors for long-term (≥1 year) PA behaviour adoption in obese adults. Similarly, Lubans, et al. [52] highlighted how varying psychological perspectives can inform the creation of a supportive psycho-social climate. These include self-determination [53] [54] [55] , achievement goal theory [56] [57] [58] ; behaviour change models and principles drawn from positive and youth psychology [59] [60] . Due to their relevancy, self-determination and achievement goal perspectives are now considered.
The self-determination perspective predicts that adherence can be facilitated by social processes which ensure that individual psychological needs (i.e. competency, autonomy and relatedness) are met. To develop competency, MC training needs to be characterized by a combination of self-assessment and supportive personalised feedback to help gauge progress (i.e., people need to feel and see that they are learning and developing). For autonomy, it is recommended that training offers opportunities for self-exploration and problem-solving in discovering different movement possibilities and ways of moving. Self-choice and volition in MC training, where possible, can also assist autonomy. For relatedness, a shared exploration and problem-solving experience with others should feature, alongside encouraging and caring instructors. A shared social and emotional experience in and around training will help. Together, these characteristics of the program are predicted to heighten perceptions of connection, relatedness, and inclusion, but will need to be frequent, repeated, and positively reinforced. Accordingly, the outcome over time is self-motivated (intrinsic) behaviour, where self-volition, initiative, enjoyment and satisfaction are outcomes, and which subsequently motivate onward adherence.
The achievement goal perspective assumes individuals need to develop competence via personal mastery or social recognition. And to promote task interest, cognitive engagement, effort and persistence, learning, and better emotional outcomes, this perspective recommends the creation of a "task based climate" [58] . Compared to a "performance (ego-based) social recognition climate", task climates focus on personal skill mastery within and across an intentionally diverse range of training activities introduced with task novelty and variety. Here, learners are jointly responsible for their learning experiences, and are directly involved in the training and learning in regards to themselves and others. Personal effort, strategy, trial and error testing, peer-led training, shared investigation and discovery, and high social interaction are encouraged and emphasized in this climate. Individuals monitor their own progress (self-regulate) using their own effort, strategy and progress as referent criteria. In task based climates, social judgement, labelling, and competency fixation are avoided. Social comparison, external reward (e.g., by an observer/instructor) and the idea of not being able to change or develop, i.e., a fixed mind set [61] , is absent from this climate. Therefore, the main aim of MC training in a task-based psycho-social climate is to generate perceptions of personal skill betterment, fulfilment, and satisfaction from improved mastery or competence, along with improved future expectations (i.e., autonomy and efficacy).
Psycho-social climates could be assessed and evaluated using validated instruments to help optimise MC training delivery by maximising participation and adherence. For instance, in the initial and short-term phases of training, emotional and social experiences, such as fun and enjoyment, sense of inclusion, and belonging, may be important as they support and encourage participation. Tracking perceived efficacy [39] and competency development, objectively and subjectively [62] , as well as personal satisfaction [62] [63] across the short and longer-term would seem valuable, as these have been identified as possible key influences to adherence. The ultimate goal is to enable eventual mainstream peer group activities and sports activities with improving MC.
Implications
Physical education programmes or exercise prescription for children with and without obesity should consider the specific MC and FMS development needs of individuals.
The pedagogical approach should emphasise a task-based psycho-social climate. This helps to increase PA adherence and enables enjoyable participation in peer group games and sports. The training sessions should focus on MC of the fundamental movements with psycho-social climate support to maximize the outcome.
Further research can evaluate the effectiveness of this pedagogical approach for achieving improvement in motor skills, PA adherence and psychometric effects. The motor skills assessment should be both process and product orientated to provide an overall picture of the movement and skills performances. Although schools are the ideal settings for this approach, it can also be applied to rehabilitation programmes for obese or overweight children in clinical or community settings.
Conclusion
Implementing MC and FMS training could be a useful strategy to break the vicious cycle of obesity and enhance long-term PA adherence amongst overweight and obese children. MC training should be tailored to meet the MC needs of individuals based on objective assessment of their FMS abilities. The program should be delivered in a non-competitive task climate emphasising self-efficacy, self-regulation and enjoyment of participation in PA.
